Background: DnaB is the primary replicative helicase in Escherichia coli. Native DnaB is a hexamer of identical subunits, each consisting of a larger C-terminal domain and a smaller N-terminal domain. Electron-microscopy data show hexamers with C 6 or C 3 symmetry, indicating large domain movements and reversible pairwise association.
Introduction
Helicases are enzymes that separate duplex DNA or RNA into single strands with the help of ATP. They are involved in fundamental reactions involving DNA and RNA, including replication, repair and recombination, as well as transcription and translation [1, 2] . Defective helicase genes are increasingly found to be at the basis of inheritable human disease [3] . Recently, crystal structures have been determined for helicases belonging to superfamilies I, II and III [4] [5] [6] [7] , but their functional mechanism is still poorly understood [8] . All three helicases crystallised as monomers. No structure of an intact hexameric helicase has yet been reported, although crystallisation reports have been published for the plasmid RSF1010 RepA protein [9] and the helicase domain of bacteriophage T7 gene 4 protein (gp4) [10] . Furthermore, the structure of the RNA-binding domain of the hexameric Escherichia coli rho transcription factor has been determined [11, 12] .
DnaB is the most extensively studied helicase among the hexameric helicases, and it is a key replication protein in E. coli [13] . It is one of about twenty different proteins that constitute the bacterial replisome, a nucleoprotein complex that accomplishes DNA synthesis at replication forks during the duplication of the bacterial chromosome [14] . At replication initiation, DnaB is loaded onto DNA by interactions with both DnaA and DnaC proteins [15] [16] [17] . Driven by ATP hydrolysis, the DnaB helicase unwinds duplex DNA into single strands [18] . This allows DNA polymerase III to copy the single-stranded DNA template [19] . As well as binding dNTPs, rNTPs [13] and single-stranded DNA [19] , DnaB interacts with other replication proteins including DnaC [20] , DnaG primase [18, 21] and the τ subunit of DNA polymerase III [22] .
Functional DnaB is composed of six identical 52 kDa subunits [23] . Proteolytic studies indicated that each subunit consists of two domains, a smaller N-terminal and a larger C-terminal domain. Both domains are required for helicase function [24, 25] . Furthermore, ATPase and DNAbinding activities were found to be located in the C-terminal domain, whereas the smaller N-terminal domain is important for hexamerisation [24, 25] .
Single crystals have been obtained for DnaB, but they did not diffract satisfactorily (N Dammerova, CSM, NED and DL Ollis, unpublished results). Electron-microscopy (EM) studies of DnaB and related hexameric helicases revealed a symmetric arrangement into a ring structure with a pore diameter of about 3-4 nm [26, 27] . Depending on the sample conditions, DnaB hexamer particles were observed with sixfold (C 6 ) and threefold (C 3 ) symmetry [28] together with species of intermediate appearance [27] . The interconversion between different conformations of the DnaB hexamer has been proposed to be of functional significance [27, 29] .
Here, we report the three-dimensional solution structure of the N-terminal domain of DnaB, comprising residues 24-136. Previous nuclear magnetic resonance (NMR) spectroscopy studies on DnaB N-terminal fragments (consisting of residues 1-142 and 1-161) identified the flexible regions of the domain, mapped the structured core to residues 24-136 [30] and delineated the secondary structure [31] . The present NMR structure is the first structure at atomic resolution of a domain from a DnaB helicase. The monomer-dimer equilibrium reported here for the N-terminal DnaB domain in solution supports the presence of an association-dissociation equilibrium for this domain in the DnaB hexamer, as proposed previously from EM data [29] .
Results and discussion

Structure of the N-terminal domain of DnaB
The structure of the N-terminal domain of DnaB, DnaB , was determined in aqueous solution at pH 7.5, 32°C, using protein concentrations of about 2.3 mM. A proportion of the protein was dimeric under these conditions, resulting in an effective rotational correlation time of 10 ns [32] . Three weak intermolecular nuclear Overhauser effects (NOEs) were identified in the course of the analysis. Recording of a two-dimensional (2D) 13 C-edited-13 C-filtered nuclear Overhauser effect spectroscopy (NOESY) spectrum [33, 34] with a 1:1 mixture of unlabelled and uniformly 13 C/ 15 N (u-13 C/ 15 N) labelled protein was attempted, but the sensitivity of the experiment was insufficient for the detection of the intermolecular NOEs. Consequently, all but three distance restraints were interpreted as arising from a monomer. The relative orientations of the helices in the resulting NMR structure were verified by dipolar coupling constants measured at low concentration (0.1 mM). Thus, only the orientation of the surface sidechains at the dimer interface could be affected by a confusion of intramolecular and intermolecular distance restraints.
The NMR structure of DnaB (Figures 1,2 ) consists of six α helices (Figure 3) , with a 3 10 helical segment at the N terminus of helix 2 (residues 44-46). In addition, the structure contains two helical turns, comprising residues 56-58 and 97-99. The hydrophobic core of the protein is centred around the C-terminal end of helix 1, which is completely buried. Charged amino acid sidechains are distributed evenly on the protein surface and are easily accessible to the solvent ( Figure 4 ). The only exceptions are the sidechains of Glu33 and Glu70. Although the sidechain oxygens of Glu70 are still solvent-exposed, their main hydrogen-bonding partners seem to be Ser89 H γ and Asn93 H ε21 . The sidechain of Glu33, which is one of the few fully conserved residues among DnaBs (Figure 3) , is completely buried. In the NMR structure of DnaB(24-136), Glu33 O ε1 hydrogen bonds to H δ1 of the highly conserved His64. The presence of this hydrogen bond is documented by NOEs between Glu33 C β H 2 and His64 H δ1 , and the downfield shift of the 1 H NMR signal of His64 H δ1 (14.9 ppm). The 1 H chemical shifts of the carbon-bound protons H ε1 and H δ2 of His64 suggest that the histidine sidechain is uncharged, in agreement with the formation of a hydrogen bond rather than a salt bridge. Buried charged carboxyl groups with hydrogen bonds to histidine sidechains are a common feature of serine proteases and also occur as a structural motif in nonproteolytic proteins [35] .
The NMR structure of DnaB(24-136) is well-defined for residues . The H N resonances of six residues in loop regions and at the N terminus could not be observed (Figure 3 ), affecting the definition of those segments (Figure 2b) . The 23 N-terminal residues of DnaB have previously been found to be highly flexible [30] , in agreement with rapid cleavage of the 14 N-terminal residues in proteolysis experiments of full-length DnaB [24] . The linker region between the N-and C-terminal domains of DnaB has a high α-helical propensity in secondary-structure predictions [36] , but it was found to be disordered in the DnaB(1-161) fragment studied earlier by NMR [30] .
Sequence conservation of DnaB N-terminal domains
A sequence comparison between DnaB N-terminal domains from different organisms shows only four completely conserved residues (Figure 3 ). Yet a conserved three-dimensional structure is indicated by the fact that almost all highly conserved hydrophobic residues are buried ( Figure 4 ), as expected for structurally important residues. The solvent-exposed, but conserved, hydrophobic residues Solvent accessibilities of the amino acid sidechains in DnaB(24-136) as a percentage of their calculated accessibilities if they were located in a hypothetical poly-Gly α helix with a fully extended sidechain [71] . The values were averaged over the 20 NMR conformers. Large filled circles identify the conserved hydrophobic residues from Pro27, Pro28, Met134 and Ile135 may be important for interactions with either the C-terminal domain or other proteins involved in the replication complex. Pro113 is located in the least well-defined loop of the structure. The conservation of Tyr104, although it is in close proximity to the dimerisation interface (see below), may be of lesser significance, as it is not very solvent-exposed.
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Of the four totally conserved residues, only mutations of Asp82 have been studied. The D82N mutation of the Salmonella typhimurium DnaB helicase, which is closely related to the E. coli protein (Figure 3 ), has been shown to impair helicase function [37] . The function of this residue is unclear, except that its negative charge combined with its location at the N-terminal end of helix 4 probably contributes to the stability of this helix. Similarly, the positive charge of Arg132 may contribute to the stability of helix 6 and/or be involved in protein-protein interactions, as the mutations I135N, I141T and L156P in the linker between the N-and C-terminal domains have been shown to interfere with helicase function [38] .
Structure of dimeric DnaB N-terminal domain
A model of dimeric DnaB(24-136) was built on the basis of concentration-dependent chemical shifts ( Figure 5 ), intermolecular NOEs and residual dipolar coupling constants measured in a liquid-crystalline phase. Chemical shift changes preferentially mapped onto a single face of the N-terminal domain, which is comprised of helices 4 and 5 and the connecting loop ( Figure 6 ). Three intermolecular NOEs were identified between Ile84 C γ2 H 3 and Ala106 C β H 3 , between Glu88 C γ H 2 and Ala103 C β H 3 , and between Glu88 C γ H 2 and Ala103 C α H. These NOEs are readily explained by a symmetric dimer and cannot be interpreted as intramolecular NOEs, because the respective protons are too far apart in the monomeric structure. explained by the fact that the long axis of the orientational tensor in the dimer (horizontal in Figure 7a ) is close to the corresponding experimentally determined tensor axis in the monomer. Any significant change in direction of the long tensor axis between monomer and dimer would have scaled the dipolar couplings differently for different helices.
Only a single set of resonances was observed, indicating that the dimer is in rapid equilibrium with the monomer. The dissociation constant could not be determined by NMR, as the chemical shift changes were virtually linear over the entire concentration range studied. Analyticalultracentrifugation experiments at pH 6.6 suggested a dissociation constant in the low millimolar range (data not shown). The dimer interface buries about 600 Å 2 of solventaccessible surface area in a hydrophobic core flanked by polar residues. The amide resonances of Phe102, which is at the centre of the interface, and of Ala103 could not be observed at high protein concentration; however, at low concentration the Ala103 amide resonance could be identified ( Figure 5 ). This indicates that the dimer interface is dynamic in nature, resulting in selective exchange broadening of these amide-proton resonances.
Homology with the primary dimerisation domain of E. coli gyrase A
A search of the Protein Data Bank (PDB) using the program DALI [39] identified the primary dimerisation domain of E. coli gyrase A [40] as the protein most closely related to DnaB(24-136) (Z score 3.1, 2.8 Å root mean square deviation (rmsd) for 73 superimposed Cα atoms). The dimer of this gyrase A domain is shown in Figure 7b . Although the dimer has overall dimensions similar to those of DnaB(24-136), the dimer structures differ largely at the dimer interface, which is more extended in the gyrase. A direct comparison between the monomeric domains of DnaB(24-136) and gyrase A show that structural homologies are almost exclusively in the regions that are remote from the interface (Figure 8) . A similar situation has been observed for the corresponding dimerisation domain of yeast type II topoisomerase [41] , which has a different dimerisation interface from that of Comparison of the overall fold between (a) the N-terminal domain of E. coli DnaB and (b) the primary dimerisation domain of E. coli gyrase A. Only the protein backbones are shown, omitting the poorly defined Nand C-terminal residues of DnaB(24-136). The orientation of the DnaB domain is the same as that used in Figure 1 . The parts of the molecules that were identified as being structurally homologous by the program DALI [39] are colour-coded in the same way as in Figure 1. gyrase A, with the more remote parts of the domain being conserved [40] .
Comparison with electron-microscopy data
EM studies of DnaB show that the hexamer can exist in states with both threefold (C 3 ) and sixfold (C 6 ) symmetry [26] [27] [28] . Simple structural models proposed for these states (Figure 9 ) differ by a large displacement of the smaller one of the two domains in each subunit of the hexamer, leading to a trimer of dimers with pairwise-associated small domains in the C 3 state. The small domains are independent from each other in the C 6 state [27] , which cannot, by definition, contain symmetrical subunit (or domain) dimers. The NMR structure of DnaB shows that the N-terminal domain of DnaB is globular, supporting its identification with the small domain in the hexamer models suggested from EM studies [26, 29] . The larger domain in the hexamer models has previously been identified with the C-terminal domain [26] , which is supported by shared amino acid sequence motifs with helicase domains that are structurally homologous to hexameric RecA and F1 ATPase [12, 42] . Most interestingly, the monomer-dimer equilibrium experimentally observed for the isolated N-terminal domain in solution matches the association-dissociation equilibrium of the small domains in the C 6 -C 3 conversion suggested by EM data. The present data provide the first evidence of how the N-terminal domain, by providing a dimerisation interface, might stabilise one form of the DnaB hexamer and participate in its conformational transitions, which may be a prerequisite for helicase activity.
Interaction with single-stranded DNA, DnaC, magnesium and ATP Association of DnaB(24-136) with single-stranded DNA (dT 16 ), DnaC, Mg 2+ and ATP was probed by monitoring the amide chemical shifts of DnaB 16 . If the N-terminal domain of DnaB interacts with DnaC, as has been suggested [24] , additional stabilising interaction sites must exist in the C-terminal domain, the linker region, or the flexible N-terminal region (residues 1-23).
Biological implications
Helicases are key enzymes in DNA metabolism and defective genes for these proteins are the cause of a number of inherited human diseases. In spite of a large body of biochemical data, their mechanism of action is still not understood.
DnaB is the primary replicative helicase in E. coli, unwinding duplex DNA into single strands during replication. DnaB is a hexamer composed of identical subunits, each consisting of a larger C-terminal and a smaller N-terminal domain. Here, we report the solution structure of the N-terminal domain, which is required for helicase activity. This is the first high-resolution structure of a DnaB domain.
Electron microscopy studies of DnaB showed that the hexamer can exist in states with both threefold (C 3 ) and sixfold (C 6 ) symmetry. Simple structural models proposed for these states differ by a large displacement of the smaller of the two domains in each subunit of the hexamer in an association-dissociation equilibrium. The globular appearance of the N-terminal domain suggests that it is identical to the small domain in the hexamer models. The putative dimerisation of the small domains in the C 6 -C 3 conversion is supported by the monomer-dimer equilibrium experimentally observed for the isolated N-terminal domain in solution. The dimer structure shares similarities with the primary dimerisation domain of type II topoisomerases; this dimerisation domain is thought to function as a gate for the release of double-stranded DNA. The NMR structure of the dimeric N-terminal domain provides a basis for mutational studies to analyse the functional significance of the C 6 -C 3 conversion in hexameric DnaB.
Materials and methods
Construction of plasmid pSB955 for the overexpression of DnaB(24-136)
Plasmid pSB955 was generated using a polymerase chain reaction (PCR) strategy with plasmid pCM860 [30] as template. Two primers were designed, the first (5′-GAAGGAGATATACATATGAAAGTGCCTC-CGCACTCG-3′) to insert an NdeI restriction site at a new ATG start codon before codon 24 of dnaB, and the second (5′-CTCGAATTCT-TACGAGATCATCTCACGGACAACGGCACG-3′) to insert a TAA stop codon followed by an EcoRI restriction site immediately after the serine 136 codon. The PCR reaction mixture (50 µl) contained template plasmid pCM860 (77 ng or 77 pg), both primers (1 µM each), MgSO 4 (varying between 2 and 9 mM), all four dNTPs (1 µM each), Vent DNA polymerase Research Article N-terminal domain of E. coli DnaB Weigelt et al. 687
Figure 9
Models of two different hexameric states of the E. coli DnaB helicase [29] . The smaller and larger domain are proposed to be identical to the N-terminal and C-terminal domains, respectively. (a) Hexamer with C 6 symmetry. (b) Hexamer with C 3 symmetry and pairwise-associated N-terminal domains. The twofold symmetry suggested by the model for each pair of subunits is not observed experimentally [29] ; although the N-terminal domains may associate in a symmetric fashion, the sixfold symmetry of the C-terminal domains is broken in this hexameric state.
(1 unit, New England Biolabs) and manufacturer supplied buffer for Vent DNA polymerase. The thermal cycler was programmed as follows: 94°C for 5 min; 94°C for 30 s, 55°C for 1 min and 72°C for 1 min (32 times); 72°C for 20 min; and 4°C for 5 min. The amplified DNA (371 bp) was concentrated using a Wizard PCR prep (Promega), and purified from a 1.5% agarose gel using a QIAEX II kit (QIAGEN). The purified DNA was digested with NdeI and EcoRI, and ligated using T4 ligase to the 4642 bp NdeI-EcoRI fragment of pETMCSI [30] , which is a derivative of pET3c [43] . Ampicillin-resistant transformants of BL21(DE3) were selected at 37°C and plasmid DNA (4991 bp) was isolated on a small scale using a Bresaspin mini-prep (Bresatec). Overproduction of the desired 12 kDa protein at 37°C was confirmed by sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE). The sequence of dnaB from the selected plasmid pSB955 was confirmed by amplification of the DNA using an ABI PRISM dye terminator sequencing kit and subsequent analysis using an Applied Biosystems 373A sequencer.
Protein overproduction and purification
Strain BL21(DE3)/pLysS/pSB955 was used to prepare unlabelled, u-15 N-labelled, u-13 C/ 15 N-labelled and 10%-13 C/u-15 N-labelled DnaB(24-136). All culture media were supplemented with 50 µg/ml ampicillin and 50 µg/ml chloramphenicol. Cells for production of unlabelled DnaB(24-136) were grown in 250 or 500 ml of LB medium supplemented with 25 µg/ml thymine. Labelled proteins were prepared from cultures of 100 or 250 ml of minimal medium, consisting of 1.5 g/l 15 NH 4 Cl (Novachem or Cambridge Isotope Laboratories), 100 mM Na/K phosphate buffer, trace salts, 1 µg/ml vitamin B1, 1 mM MgSO 4 and appropriate amounts of glucose (40 mM Cells were harvested by centrifugation, resuspended in lysis buffer (50 mM TRIS-HCl pH 7.6, 10% w/v sucrose, 100 mM NaCl, 2 mM DTT, 10 mM spermidine-Cl; 15 ml/g cells) and lysed using a French Press. The lysate was clarified by centrifugation, and the proteins in the supernatant were precipitated using 0.4 g/ml ammonium sulfate. The pellets obtained after centrifugation were resuspended in a few millilitres of buffer A (50 mM TRIS-HCl pH 7.6, 20% v/v glycerol, 5 mM MgCl 2 ) and dialysed overnight in the same buffer.
All DnaB(24-136) protein samples were purified at 4°C using anionexchange (DEAE Fractogel, Merck) and gel-filtration (Sephadex G-50, Pharmacia) chromatography following the procedure in [30] , except that the protein was precipitated using 0.4 g/ml ammonium sulfate, and the final dialysis buffer D was 20 mM potassium phosphate pH 6.5. DnaB and DnaC were overproduced simultaneously as described previously [23, 45] , and purified initially by anion-exchange chromatography (DEAE Fractogel) [28] . DnaB was further purified on a hydroxyapaptite column (BioRad) [28] . DnaC was eluted in a NaCl gradient from a phosphocellulose (P11, Whatman) column in a buffer containing 25 mM sodium phosphate pH 7.1, 1 mM DTT, 1 mM EDTA and 20% v/v glycerol.
Overproduction of DnaB(24-136) under control of the phage T7 φ10 promoter resulted in good yields of soluble protein, even following growth in minimal media. The yield of pure protein per litre of culture varied from 16 mg for 10%-13 C/u-15 N-labelled DnaB , to 45 mg for unlabelled DnaB .
Protein characterisation
The molecular weight of DnaB and the extents of isotopic labelling of the proteins were determined by mass spectrometry. Samples at 0.5-1 g/l were extensively dialysed into 0.1% formic acid in water and analysed on a VG Quattro II mass spectrometer (VG Biotech Ltd) equipped with an electrospray ionisation source and a quadrupole-hexapole-quadrupole mass analyser. The molecular weight of DnaB(24-136) was confirmed to be 12,700 Da (calculated 12,701 Da), indicating that the terminal methionine had been processed in vivo. The extent of labelling of the proteins was determined to be 98% for both the u-15 N-and u-13 C/ 15 N-labelled DnaB .
Sequence alignments
Sequences were aligned using a BLASTP (version 2.0) gapped alignment procedure on the NCBI web page (http://www.ncbi.nlm.nih.gov/BLAST/). The program ALSCRIPT (version 2.03) [46] was used to prepare the plot of the sequence alignment.
Preparation of NMR samples
For the preparation of NMR samples, Pefabloc protease inhibitor (Boehringer) was added to the protein solutions at a concentration of 1 mM. The samples were subsequently ultrafiltered extensively using either an ultrafiltration cell equipped with a YM3 membrane (Amicon) or an Ultrafree-4 centrifugal filter unit equipped with a Biomax-5K membrane (Millipore). The final samples were prepared in 20 mM sodium phosphate buffer containing 1 mM EDTA and 0.02% w/v NaN 3 Residual dipolar couplings [47] were measured in solutions containing 20 mM phosphate buffer at pH 7.5 and a 5% w/v phospholipid mixture of DHPC (dihexanol phosphatidylcholine) and DMPC (dimyristoyl phosphatidylcholine) in a 1:3 molar ratio.
The affinity of DnaB(24-136) for Mg 2+ was measured with a 0.8 mM sample of DnaB(24-136) in 20 mM sodium phosphate buffer at pH 7.5. The Mg 2+ concentration was varied between 0 and 40 mM by addition of MgCl 2 . Interaction with the dT 16 single-stranded DNA fragment was probed using identical conditions, both in the presence and absence of 10 mM Mg 2+ .
Affinities of DnaB for ATP and DnaC were tested with a 0.3 mM sample of DnaB(24-136) in 10 mM TRIS-HCl buffer at pH 7.0, containing 2 mM DTT, 20 mM NaCl and 1 mM ATP in 10% D 2 O/90% H 2 O. A stock solution of DnaC was prepared using the same buffer. DnaC was titrated into the DnaB(24-136) sample and the sample volume readjusted to about 0.5 ml by ultrafiltration after each addition of DnaC.
NMR data collection
All NMR experiments were conducted at 32°C using Bruker DMX-600 or DRX-500 NMR spectrometers. Unless stated otherwise, measurements were made in 90% H 2 O/10% D 2 O. Spectra were processed using NMRPipe (version 1.6) [48] and analysed using ANSIG (version 3.3) [49] .
Backbone resonance assignments were based on the assignments reported for DnaB(2-143) [31] and were confirmed and extended using 3D HNCA [50] and 3D NOESY- 15 [53] spectra. A few additional sidechain resonances were assigned from NOESY spectra during the refinement procedure. In this way, sidechain 13 C and nonlabile 1 H resonances were assigned for all residues except R62, for which no assignments were obtained. Stereospecific assignments for isopropyl groups were obtained from a constant time 2D 13 C-HSQC spectrum recorded with the biosynthetically fractionally 10%-13 C/u-15 N-labelled protein sample [54] .
Upper distance limits were collected from three different NOESY spectra -NOESY-15 N-HSQC (τ m = 40 ms) [51] , NOESY-13 C-HSQC (D 2 O, τ m = 50 ms) and NOESY-13 C-HSQC (optimised for aromatic residues, τ m = 40 ms) [55] . A 13 C-HSQC-NOESY [56] spectrum was used to resolve assignment ambiguities in the NOESY-15 N-HSQC spectrum. 3 J HNHα coupling constants were measured in a 3D HNHA spectrum [57] . 3 J HNHβ and 3 J HαHβ coupling constants were qualitatively measured in a 3D SG-TROSY-HNHB spectrum [32] and the 3D 13 C-HSQC-TOCSY spectrum, respectively. A 3D α/β-HACACO spectrum was used to measure 1 J HαCα coupling constants [58] . 2D α/β-HSQC spectra [58, 59] were used to measure residual dipolar couplings between N and H N at 0.1 mM and 1.0 mM protein concentration. Rapidly exchanging amide protons were identified in a 2D ROE-relayed-15 N-HSQC [60] spectrum employing selective excitation of the water resonance [61] .
Binding of DnaC, single-stranded DNA, ATP or Mg 2+ was monitored by 15 N-TROSY spectra [32, 62, 63] . Binding of DnaC was probed with 0.5:1, 1:1 and 1:2 (mol:mol) mixtures of DnaB(24-136) and DnaC.
Structure calculations
The NMR structure was calculated using the program DYANA (version 1.5) and the associated routines CALIBA, HABAS and GLOMSA [64] . In addition to scalar coupling constants, short range NOEs and Cα chemical shifts were used to generate restraints for φ, ψ and χ 1 . 1 J HαCα couplings deviating by more than +5 Hz from the random coil values were translated into ψ angle restraints of -47 ± 20º [65] . One hundred random conformers were annealed in 10,000 steps using torsion-angle dynamics. The fifty conformers with the lowest residual restraint violations were minimised further, including also orientational restraints from residual dipolar couplings, using a variable target function algorithm [64, 66] . The magnitude and rhombicity of the alignment tensor were estimated using the method of Clore et al. [67] . Finally, the twenty conformers with the lowest residual constraint violations were energy minimised with a 6 Å layer of explicit water using the program OPAL (version 2.6) [68] . Table 1 shows an overview of the structural statistics. The Ramachandran plot was analyzed using PROCHECK-NMR (version 3.4) [69] . For residues 29-134, all outliers correspond to residues in the segments with a low density of NMR restraints and no φ, ψ pair was found in forbidden regions for all twenty final conformers.
Secondary-structure elements and rmsd values were calculated using the program MOLMOL (version 2.6) [70] . A residue was determined to be in a particular regular secondary-structure motif if it was found in that conformation in more than half of the energy-minimised conformers. MOLMOL was also used to generate all molecular graphics figures.
Accession numbers
The coordinates of the twenty energy-refined DYANA conformers of the N-terminal domain of E. coli DnaB, together with the complete lists of NMR-derived structural restraints have been deposited in the Brookhaven Protein Data Bank with the accession code 1JWE. The NMR chemical shifts have been deposited at the BioMagResBank (BMRB) under the accession code 4297. 
